In this letter, we report an electron diffraction determination of chiral vectors ͑n,m͒ of individual single-wall carbon nanotubes ͑SWNTs͒. Electron diffraction patterns from individual SWNTs were recorded on imaging plates using a parallel electron beam over a section of tube of ϳ50 nm long. Using two tubes of 1.39 and 3.77 nm in diameter, we show that the details of electron diffuse scattering can be detected for both the small and large tubes. The quality of diffraction patterns allows the accurate measurement of both the diameters and chiral angles of SWNTs for a direct determination of chiral vectors. The electron diffraction technique is general and applicable to other forms of individual nanostructures.
A single-wall CNT ͑SWNT͒ can be regarded as a single layer of graphite that has been rolled up into a cylindrical structure. In general, the tube is helical with the chiral vector ͑n,m͒ defined by cϭnaϩmb, where c is the circumference of the tube, and a and b are the unit vectors of the graphite sheet ͑we use aϭbϭ2.461 Å and ␥ϭ60°). A striking feature is tubes with nϪmϭ3l ͑l is a integer͒ are metallic, while others are semiconductive. 5, 6 This unusual property, plus the apparent stability, has made CNTs an attractive material for constructing nanoscale electronic devices. 7 Asgrown SWNTs have a dispersion of chirality and diameters; 3,4 the nanotube structural energy is only weakly dependent on chirality. 8 Hence, a critical issue in CNT applications and science study is the structure determination of a given individual tube. 9 This requires a structural probe that can be applied to individual nanotubes.
The determination of the chiral vector requires the measurement of both diameter and chiral angle. Since Iijima's initial study, many articles has been published on structural characterization using electron diffraction, 1,10-15 scanning tunneling microscopy ͑STM͒, 16, 17 and Raman spectroscopy. Among these techniques, STM and electron diffraction have the selectivity that can be used to study individual tubes. STM resolves the structure of a part of the outer wall of carbon nanotube to measure the chiral angle, however, STM cannot be used alone to distinguish between different forms of tubes. Electron diffraction in principle can determine unambiguously both the chirality and diameter of tubes. However, with the exception of the recent work on a large double wall tube ͑6.6 nm͒, 13 published electron diffraction studies focus on multiwall CNTs or single wall CNT bundles. HRTEM imaging is used widely to measure tube diameters, but its accuracy is a few angstroms, which greatly depends on electron defocus and tube size. 18 Individual SWNTs are very difficult to characterize. 14, 15 Previously published diffraction patterns of individual SWNTs are blurred and features are difficult to identify. 10, 11 The reason is that electron diffraction from a SWNT can be extremely weak and often beyond the sensitivity of conventional selected area electron diffraction ͑SAED͒. Thus, despite the importance, quantitative determination of a SWNT structure by electron diffraction so far has not been done.
Here we report the quantitative structure determination of SWNTs by nanoarea electron diffraction in a fieldemission electron microscope and recording with imaging plates. This, coupled with improved electron diffraction pattern interpretation, allows us to determine both the diameter and chiral angle, thus the chiral vector ͑n,m͒, from an individual SWNT. The technique developed here is general. When used together with transport measurement this will give an unambiguous determination of the structure-property relationship of SWNTs. 13 The carbon nanotubes studied here were grown by chemical vapor deposition. Catalyst was prepared following the approach reported by Cassell et al. 19 Transmission electron microscopy ͑TEM͒ observation was carried out in a JEOL2010F TEM with a high voltage of 200 keV. Diffraction patterns were recorded on imaging plates with the camera length of 80 cm and exposure time 11 s. Figure 1 shows a schematic diagram of the principle of parallel-beam nanoarea electron diffraction in a TEM. The electron beam is focused to the focal plane of the objective prefield and forms a parallel beam illumination on the sample. The size of the parallel probe is determined by the condenser aperture. For an aperture of 10 m in diameter, a͒ Author to whom correspondence should be addressed; electronic mail: jianzuo@uiuc.edu APPLIED PHYSICS LETTERS VOLUME 82, NUMBER 16 21 APRIL 2003 the probe diameter is ϳ50 nm, which is much smaller than conventional SAED, and does not suffer from aberration induced image shift. 20 Nanoarea electron diffraction in a FEG microscope also provides higher beam intensity than SAED ͑the probe current intensity is ϳ10 5 e/s nm 2 ). Both are important for the investigation of CNTs because of the small scattering cross section of carbon and the requirement of a straight tube for electron diffraction. Figure 1͑b͒ shows a real space image of the incident probe on a CNT. The beam damage to the CNT is carefully controlled to a minimum, much less than that of HRTEM imaging. Figure 2͑a͒ shows the diffraction pattern from a SWNT. The main features of this pattern are as follows: ͑1͒ a relatively strong equatorial oscillation which is perpendicular to the tube direction; ͑2͒ some very weak diffraction lines from the graphite sheet, which are elongated in the direction normal to the tube direction.
1, 15 The intensities of diffraction lines are very weak in this case. In our experimental setup introduced earlier, the strongest intensity of one pixel for (11 00) diffraction lines is about 10, which corresponds to ϳ12 electrons.
We determine both the diameter and chiral angle from the electron diffraction pattern alone. The diameter is determined from the equatorial oscillation, while the chiral angle is determined by measuring the distances from the diffraction lines to the equatorial line. The details are following. The diffraction of SWNT is well described by kinematic diffraction theory. The equatorial oscillation in the Fourier transformation of a helical structure like SWNT is a Bessel function with nϭ0, 21 which gives
͑1͒
Here Xϭ2Rr 0 ϭRD 0 , R is the reciprocal vector which can be measured from the diffraction pattern and D 0 is the diameter of the SWNT. We use the position of J 0 2 (X) maxima (X n , nϭ0,1,2,. ..) to determine the tube diameter. With the first several maxima saturated and unaccessible, X n /X nϪ1 can be used to determine the number N for each maximum in the equatorial oscillation. Thus, by comparing the experimental equatorial oscillation with values of X n , the tube diameter can be uniquely determined.
To measure chirality from the diffraction pattern, Fig.  2͑d͒ is considered, which shows the geometry of the SWNT diffraction pattern based on the diffraction of the top-bottom graphite sheets. The distances d 1 , d 2 , d 3 relate to the chiral angle ␣ by
These relationships are not affected by the tilting angle of the tube ͑see later͒. Because d 2 and d 3 are corresponding to the diffraction lines having relatively strong intensities and are further from the equatorial line, they are used in our study instead of d 1 to reduce the error. The distances can be measured precisely from the digitalized patterns. The errors are estimated to be Ͻ1% for the diameter determination and Ͻ0.2°for the chiral angle. Using the earlier methods, the SWNT giving diffraction pattern shown in Fig. 2͑a͒ was determined to have a diameter of 1.40 nm ͑Ϯ0.02 nm͒ and a chiral angle of 16.9°͑Ϯ0.2°͒. Among the possible chiral vectors, the best match is ͑14,6͒, which has a diameter and chiral angle of 1.39 nm and 17.0°, respectively. The closest alternative is ͑15,6͒, having a diameter of 1.47 nm and chiral angle of 16.1°which is well beyond the experiment error. Figure 2͑b͒ plots the simulated diffraction pattern of ͑14,6͒ SWNT. Figure 2͑c͒ compares the equatorial intensities of experiment and simulation. These results show an excellent agreement.
The measurement accuracy is critical for large tube structure determination. Figure 3͑a͒ is a pattern from a SWNT of a relatively large diameter. In this case, the diameter and chiral angle were determined to be 3.77 nm ͑Ϯ0.04 nm͒ and 20.99°͑Ϯ0.2°͒, respectively. For large tubes, number of tubes within a range of diameters and chiral angles is much larger than that of small tubes. For example, the possible chiral vectors for Figure 3͑b͒ shows the simulated electron diffraction pattern based on ͑35, 20͒. Comparison between Figs. 3͑a͒ and 3͑b͒, however, shows two noticeable differences. First, the absolute distances between the diffraction lines and the equatorial line in the experimental pattern are ϳ2% larger than those in the simulated pattern. Second, the distances from the diffraction lines especially (101 0) and (011 0) to the tube axis in Fig. 3͑a͒ are much closer than those of simulation. This discrepancy is due to the tilt of the tube from the plane normal to the electron beam. 15 The distance from a diffraction line to the equatorial line in the case of a tilt of ␥, d ␥ , is enlarged compared to that for ␥ϭ0, d 0 , by a factor of 1/cos ␥. This relationship can be used to calculate ␥. For Fig. 3͑a͒ , ␥ was determined to be 13°Ϯ1°. It is also obvious that the tube orientation does not affect the ratio of the distances from diffraction lines to the equatorial line.
Thus, the method we proposed to measure the chiral angle is independent of tube orientation.
Single-and multiple-͑including double͒ wall CNTs can be distinguished from the equatorial oscillation without the need of HRTEM imaging. The oscillation comes mostly from interference between scattering off the two sides of the tube, thus, each tube can be approximated by two slits in the Young's interference experiment. Multiple slits from MWNT's introduce an oscillatory envelope to the Bessel oscillation, 13 which, depending on both the number and distances between different walls, can be identified from the intensity profile of the equatorial line.
In conclusion, we present a quantitative technique to measure both the chirality and diameter of the SWNT's from a single electron diffraction pattern. Electron recording with imaging plates is used to improve both the sensitivity and accuracy. The equatorial oscillation was used to determine the diameter of SWNTs and distinguish between different forms of NTs. The chiral angle is measured by using the distances between the diffraction lines to the equatorial line. The accuracy of the measurement of diameter and chiral angle, improved considerably over previous publications, allows an unambiguous determination of the chiral vector ͑n,m͒. The validity of this technique is proved by kinematic simulations.
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